The effect of pressures up to 200 kPa on pi-phase-shifted Bragg gratings was investigated in several types of fibers placed in a pressure chamber. Standard and alternative types of pi-phase shifted gratings were studied, and changes in reflection spectra caused by pressure changes were monitored. The alternative pi-phase shifted grating was fabricated using a phase mask with 536-nm pitch exhibiting features at twice the Bragg wavelength near 1552 nm due to the interleaved refractive index modulations along the fiber core with the periodicity of the phase mask. The three gratings studied exhibited quite different variation in Bragg wavelength with increased pressure for the different fiber types, and the alternative pi-phase-shifted grating in Corning HI 1060 FLEX fiber also suffered a significant change in the shape of the peaks.
INTRODUCTION
The properties of fiber Bragg gratings (FBGs) and their applications for sensing have been long appreciated 1 , including their ability to be multiplexed and operated at a considerable distance from the control unit, and their use in a wide range of measurement challenges has been documented 2 . There has been much attention given to temperature and longitudinal strain measurements, for which the shift in the Bragg wavelength with the measurand is linear or close to linear 1 . Transverse strain, on the other hand, causes the peak at the Bragg wavelength, in the reflection spectrum, to split slightly when applied to non-birefringent fiber, due to induced birefringence 3 . When subjected to uniform pressure an optical fiber experiences both a length change and a refractive index change due to the strain-optic effect as investigated via a Mach-Zehnder interferometer for pressures up to 345 kPa 4 . In order to enhance the response of optical fiber sensors to pressure a wide variety of devices have been described that enable a longitudinal or transverse strain to be present within an optical fiber element. Many such devices employ a Bragg grating, for which the output is a shift in the Bragg wavelength, as reported by various authors and most recently by Chehura et al. using pi-phase-shifted FBGs 5 .
Interest in using standard pi-phase-shifted FBGs for sensing is that the very narrow spectral feature can be tracked with high precion 5 . Pi-phase-shifted FBGs 6 were first reported for transverse strain measurement 7 over 10 years ago, and since then various types have been investigated. This has included an alternative type of pi-phase-shifted FBG, operating at twice the Bragg wavelength 8 and at 2/3 of the Bragg wavelength 9 , which is due to the complex refractive index structure that arises directly through the phase mask technique for fabricating FBGs, as imaged using differential interference contrast microscopy 10 . For such FBGs, at twice the Bragg wavelength there is a broad notch in the reflection peak (and a corresponding feature in the transmission dip), and this phenomenon also occurs at the odd harmonics of Λ pm ; e.g. at 2/3 of the Bragg wavelength 11 . The response of these gratings at twice the Bragg wavelength for temperature and longitudinal strain 12 , transverse strain 13 and bending 14 is similar to standard FBGs.
In order to continue the study of this alternative type of pi-phase-shifted grating an investigation of their response to uniform pressure has been conducted. As it is known that the fiber type can affect the response to certain measurands, e.g. temperature 15 , transverse strain 16 and pressure 5 , two different fiber types were investigated. A comparison with a standard pi-phase-shifted grating was also undertaken.
EXPERIMENTAL DETAILS
A pressure chamber operating up to 198 kPa was used for investigating the response of the various FBGs, with the fiber held between two rubber surfaces. Alternative pi-phase-shifted FBGs were fabricated in Corning HI 1060 FLEX (of small core diameter, ~3.4 µm) and SMF-28 fiber using a 244-nm UV continuous laser source through a phase mask of periodicity 536 nm. The fiber was pre-processed with hydrogen to increase the photosensitivity. Additionally, a standard pi-phase-shifted FBG was fabricated in GF1 fiber using a similar laser source. Reflection spectra were obtained with an Ando optical spectrum analyzer (OSA), set to a resolution of 10 pm, following illumination by an erbium broadband source via a 2 × 2 coupler.
RESULTS AND DISCUSSION
Changes in FBG reflection spectra for three gratings at three different applied pressures may be seen in Fig. 1 .Each spectrum for atmospheric pressure is different due to the nature of the pi-phase-shifted grating and the fiber type. The standard pi-phase-shifted FBG in GF1 fiber shown in Fig 1(c) exhibits the expected very narrow spectral feature, and whilst the spectrum of the alternative pi-phase-shifted FBG in HI 1060 FLEX fiber (Fig 1(a) ) is similar to those observed previously 9,12-14 the two peaks in the SMF-28 fiber (Fig 1(b) ) are of very different magnitude; this believed to be due to the more complex refractive index structure existing in the larger diameter core of standard telecommunications fiber. It can be seen in Fig. 1 that all FBG peaks moved to higher wavelengths as the pressure increased. Since the arrangement involves the application of lateral pressure to the fiber the observed peak changes in the HI 1060 FLEX fiber was more complicated than the expected peak-splitting 3 ; the spectral changes resemble the splitting effects observed in the alternative pi-phase-shifted FBG under transverse loading in the same fiber type 13 .
The shifts in the most significant spectral feature for each of the three grating and fiber combinations as a function of the applied pressure are presented in Fig. 2 . It can be seen that in each case that the wavelength shift per unit pressure change is greater over the first 20 kPa compared with the full pressure range. Furthermore, the rate of wavelength shift with pressure was very different for the three fiber types, and the wavelength shift for GF1 fiber at maximum pressure was a factor of about 5 times greater than for the HI 1060 FLEX fiber, indicating the important role of fiber type in determining the pressure sensitivity. Over the linear range (between 20-200 kPa) the sensitivity of the GF1 fiber is about 15 nm/MPa.
The response of FBGs to elevated pressure depends upon the manner in which the fiber is suspended within the pressure chamber 17 . Thus a freestanding FBG exhibits a slight decrease in Bragg wavelength with applied pressure 18 with a linear response of about -0.003 nm/MPa as first reported by by Xu et al., whilst a grating which is constrained from undergoing a length change is essentially being subjected to a transverse strain and there is an increase in the Bragg wavelength 16 due to the strain-optic effect. In one example of the latter situation a linear response of about 0.02 nm/MPa was determined 19 , which is greater than the magnitude of the response of a freestanding FBG but which is much less than the responses for the three fibers shown in Fig. 2 . Furthermore, these data underscore the advantage of utilizing the effect of transverse strain whilst inhibiting the fiber length change, as this ensures a much greater sensitivity of the Bragg wavelength with increase in pressure. Although the reasons for the non-linear responses in Fig. 2 are not understood it is noted that a similar response was observed by Bjerkan et al. in a measurement of transverse strain 
CONCLUSION
The behaviour of the reflection spectra of three pi-phase-shifted FBGs, in various fiber types, when they were held in a pressure chamber and subjected to uniform pressure, has been investigated. In two cases the peak structure showed little change, but in the case of the alternative FBG inscribed in HI 1060 FLEX fiber the peak structure changed considerably. The magnitude of the wavelength change of spectral features exhibited considerable variation with fiber type. Further investigation is required, particularly to understand the non-linear response in the change of wavelength with applied pressure. There is considerable potential for using pi-phase-shifted gratings, particularly when they are held or packaged in a manner that inhibits fiber length changes, for the straightforward measurement of elevated pressure.
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